Abstract-The aim of this paper was to quantify the behavior of filaments in a computational model of re-entrant ventricular fibrillation. We simulated cardiac activation in an anisotropic monodomain with excitation described by the Fenton-Karma model with Beeler-Reuter restitution, and geometry by the Auckland canine ventricle. We initiated re-entry in the left and right ventricular free walls, as well as the septum. The number of filaments increased during the first 1.5 s before reaching a plateau with a mean value of about 36 in each simulation. Most re-entrant filaments were between 10 and 20 mm long. The proportion of filaments touching the epicardial surface was 65%, but most of these were visible for much less than one period of re-entry. This paper shows that useful information about filament dynamics can be gleaned from models of fibrillation in complex geometries, and suggests that the interplay of filament creation and destruction may offer a target for antifibrillatory therapy.
I. INTRODUCTION

D
URING ventricular fibrillation (VF), electrical activation of the ventricles is rapid, self sustained, and has a complex spatiotemporal pattern. VF results in haemodynamic collapse, and is quickly lethal unless normal rhythm can be restored by a defibrillating shock. Evidence from both experimental [1] - [4] and computational [5] - [7] studies supports the idea that the rapid ventricular activation during VF is sustained by re-entry. During re-entry an action potential continuously propagates into recovered tissue, and rotates around a phase singularity [4] that is a point in two dimensionsand a filament in three dimensions. There is evidence that VF could be sustained by either a single re-entrant wave with fibrillatory conduction [8] , or by breakup of an initial reentrant wave to multiple wavelet re-entry. Multiple mechanisms could underlie breakup [9] , and these include intrinsic three-dimensional (3-D) instabilities [10] , restitution [11] , [12] , and the effects of rotational anisotropy in the ventricular wall [13] .
Although recent developments in experimental technology have enabled imaging of electrical activity within the ventricular wall [14] , most experimental studies of re-entry and VF have recorded activity only from a thin layer close to the endocardial, epicardial or transmural (cut) surface of experimental preparations [1] , [4] , [8] , [15] , and so can only identify the intersection of a re-entrant wave and its associated filament with the tissue surface. Several techniques for detecting the location and chirality of phase singularities have been developed [4] , [16] , [17] have been developed, but the 3-D configuration of filaments can only be inferred from them. Using this kind of approach experimental studies have classified only a small proportion of active wavefronts during VF as re-entrant, and have found that the surface manifestation of re-entrant waves persist for only a short time [1] , [17] - [19] .
Computational models of action potential propagation in cardiac tissue are becoming increasingly sophisticated [20] , [21] , and have been used to study the 3-D mechanisms that are consistent with measured patterns of surface activation during VF [22] , [23] . The output of computational models is data-rich, and can be dissected in space and time to identify features such as filaments.
An earlier computational study using the complex and anatomically detailed geometry of the canine ventricles showed that the number of filaments during simulated VF was dependent on the size of the ventricles [24] .
In previous studies we have described a method for identifying filaments and classifying their interaction in a computational model of re-entrant VF in simulated 3-D slabs of tissue [25] , [26] . The aim of this study was, therefore, to build on this previous study [24] by extracting detailed information about filament dynamics and their interaction during simulated re-entrant VF in an anatomically detailed model of canine ventricles.
II. METHODS
A. Computational Model of Action Potential Propagation
We described action potential propagation in an anisotropic monodomain using a parabolic reaction diffusion equation where is voltage across the cell membrane, specific membrane capacitance, a diffusion tensor and current flow though the cell membrane per unit area. This model has been described in detail in previous publications [25] , [26] .
We chose to use a model that simplifies both cell and tissue electrophysiology in order to reduce the computational load necessary to compute several seconds of VF in anatomically detailed geometry. We, therefore, calculated using the Fenton-Karma (FK) equations [13] , [25] with the model parameters listed in [13, Beeler-Reuter model for ventricular cells. Although simplified, the FK model preserves the rapid upstroke velocity, overall shape and APD restitution of more complex cell models. With the chosen parameters, 3-D re-entry in this model readily breaks down into multiple wavelet re-entry as a result of dynamic heterogeneities in recovery that lead to regions of conduction block along the re-entrant wavefront [27] , [28] .
A simple explicit Euler scheme was used to solve the model equations with a time step of 0.1 ms, and a space step of 0.33 mm. We used methods described by Panfilov and Keener [29] to apply no-flux boundary conditions at each surface and to evaluate the diffusion tensor. We set to 1 F cm and set the longitudinal and transverse diffusion coefficients to mm ms and mm ms , respectively. These values gave a plane wave speed of 0.64 ms along fibers and 0.28 ms across fibers. Changing to 0.06, 0.08, 0.1, and 0.12 ms resulted in 1% change in plane wave speed with instability for ms, and changing to 0.3 mm and 0.4 mm resulted in a change in plane wave speed of 4% transverse and 2.5% longitudinal to fibers.
B. Anatomically Detailed Model of Canine Ventricles
We used the detailed canine ventricular anatomy and fiber orientation kindly provided by the University of Auckland (http://www.cmiss.org) [30] . We sampled the finite element description of both shape and fiber orientation on a regular Cartesian grid to give a ventricular geometry with 5 567 778 grid points [31] , [32] . We have shown in a previous paper that the activation sequence following initiation of a normal beat by stimulating the endocardial surface was complete in 50 ms, and was quantitatively comparable with measured activation in canine ventricles [31] .
C. Initiation of Re-Entry
To investigate the effect of VF originating in different locations, we initiated re-entry in the left ventricular (LV) free wall, right ventricular (RV) free wall, and septum by stimulating the base while maintaining a line of block running from base to apex for 120 ms. Fig. 1 shows this protocol for initiation in the LV free wall. In all three simulations we followed activity for 3 s after initiation.
D. Detection and Analysis of Filaments
We detected filaments from the intersection of 20 mV and isosurfaces, and we identified voxels containing filaments using a method [25] based on that proposed by Fenton and Karma [13] . Filaments were identified from connected voxels at 1 ms intervals, and each filament allocated a unique number. The filament length, and the locations of each end (unless it was a closed ring) were also recorded. By comparing the overlap of filaments in two successive timesteps and we were able to identify the birth, death, bifurcation, amalgamation and continuation of filaments [25] . Filaments born in did not overlap any filaments in , whereas filaments that died in did not overlap any filaments in . A single filament in bifurcated if it overlapped two or more filaments in , and two or mor filaments in amalgamated if they overlapped a single filament in . 
III. RESULTS
A. Effect of Initiation Site
Fig . 2 shows example time series of recorded from the LV, RV, and septum together with snapshots of surface electrical activity and filaments following initiation of simulated re-entry in the LV free wall.
The first cycle of simulated re-entry produced an activation sequence that resulted in distinct action potentials in the LV free wall, RV free wall and septum. Following breakup of the initial re-entrant wave into simulated fibrillation, the number of filaments increased, the action potentials became shorter and their timing irregular. Fig. 3 shows how the number of filaments increased during each simulation. Between 500 and 1000 ms after initiation in the LV free wall, the number of filaments increased at a rate of up to 70
. Following initiation in the thinner RV free wall and septum, the rate of breakup was about half of this value. All three simulations approached a steady-state beyond 1500 ms where the number of filaments in each simulation fluctuated around a mean value of 36.
We calculated cycle length (CL), diastolic interval (DI), and APD from points evenly distributed throughout the ventricles with a grid spacing of 3.3 mm (every tenth grid point). For initiation in the LV free wall the mean values of CL, DI, and APD were ms, ms, and ms. The mean CL, DI, and APD for initiation in the RV free wall and septum were not significantly different. Fig. 4 shows individual measurements of APD and the preceding DI for the initiation in the LV free wall, and compares these with the single-cell APD restitution curve for the FK model. We obtained an almost identical distribution of points for the other two simulations. Most points were shifted rightwards and downwards compared to the APD restitution curve, so that for a given DI the following APD was shorter than that predicted by the single-cell APD restitution curve.
Extracts from breakup graphs for all three simulations are shown in Fig. 5 . The sustained multiplication of filaments began at around 500 ms, but was preceded in each case by transient break of the filament. Filament breakup close to the initiation site and then spread throughout the ventricles. The majority of filaments were descendants of the primary filament, although some filaments (shown in grey) were born separately and did not interact with the primary filament within many of these new filaments quickly died. We consider this issue further below. 
B. Filament Characteristics
The distribution of filament length is given in Fig. 6 . In the canine ventricle geometry, the maximum thickness of the LV free wall is about 20 mm, and the maximum thickness of the RV free wall about 10 mm. The majority of filament lengths were close to these values, and the distribution of filament length did not change markedly during the simulation. Several longer filaments were detected, and these tended to lie intramurally.
We calculated the proportion of filaments with one or more ends touching the epicardial surface. There was no significant difference between the three simulations and the average overall was 65% with a standard deviation of 20%. The length of time that these filaments touched the surface is shown in Fig. 7 , and only a tiny proportion of filaments were visible on the epicardial surface for more than one rotation period ( 100 ms).
C. Filament Interactions
The total number of birth, death, bifurcation, and amalgamation events detected in each simulation is shown in Fig. 8(a) . The number of bifurcations was greater than the number of births, suggesting that in this model filament break occurs more frequently than wavebreak. The net gain in filaments (births bifurcations deaths amalgamations) throughout each simulation was 34 for initiation in the LV free wall, 39 for initiation in the RV free wall, and 33 for initiation in the septum. These numbers were approximately two orders of magnitude lower than the number of filament creation (births bifurcations) and destruction (deaths amalgamations), showing that the majority of filaments either die or amalgamate with others. This extremely fine balance between filament creation and filament destruction is shown in more detail in Fig. 8(b)-(d) . Even though more filaments are created between 200 and 600 ms following initiation in the septum than following initiation in the LV free wall, almost all of them die. Part of this sequence can be seen in Fig. 5 , and this observation is consistent with the thicker LV free wall allowing more room for filament breakup than the thinner RV free wall and septum. 
IV. DISCUSSION
A. Summary
This paper examines a computational model of re-entrant fibrillation in a detailed anatomical model of canine ventricles. We found that the site of initiation of re-entry had little effect on the mean number of filaments at steady-state, but the rate of increase of filaments during breakup was highest for initiation in the LV free wall, and lowest for initiation in the RV free wall. Although more than half of the filaments observed in this model touched the epicardial surface, most were visible for much less than one cycle of re-entry. Throughout breakup and sustained multiple wavelet re-entry the number of filaments created almost matched the number of filaments destroyed, and the balance between creation and destruction was finely poised.
B. Filament Detection and Breakup
In this study we located filaments by identifying points where isosurfaces of membrane voltage ( 20 mV) and crossed, and this approach has been used in other computational studies [11] , [13] . As an alternative to calculating , another approach identifies isolines or isosurfaces of a variable associated with recovery [33] , [34] . Neither of these techniques are easy to use in experimental studies where variables associated with recovery cannot be directly measured and estimates of may be very noisy. Other techniques based on phase analysis have, therefore, been developed to identify phase singularities in experimental data [4] , and combined with information about chirality can be used to infer the structure of 3-D filaments [16] .
Many different mechanisms may underlie breakup of reentry, even in the simplified FK model [9] . The mechanism of breakup in our simulations appears to be related to steep APD restitution. Rotational anisotropy may have been important, although additional simulations in isotropic canine ventricle geometry also showed rapid breakup. It is possible that some aspects of filament behavior are affected by the mechanism of breakup because of differences in the head-tail interactions of re-entrant waves and the resulting wavebreaks. Our finding that the rate of filament increase was higher for initiation in the LV free wall compared to the RV free wall and septum indicates that wall thickness influences the rate of breakdown. Both of these issues remain as questions to be addressed by future projects.
C. Relation to Other Studies
The duration of re-entry on the epicardial surface has been shown to be short in experimental studies using in-situ pig ventricles [17] , isolated hearts [4] , [15] , and ventricular wedge preparations [1] , [19] . This is consistent with our model findings. We found that about 65% of about 36 filaments could intersect the epicardial surface of the ventricles during re-entrant VF in the canine heart, so our model predicts that about 20 phase singularities should be visible. This estimate is about four times higher than the number predicted from experimental observations in the sheep heart [4] , which is roughly the same size. There are several possible reasons for this difference. First, our model is simplified and the limitations are discussed in detail below. Second, as discussed above several mechanisms of breakup may underlie the transition from re-entry to fibrillation, and could influence the number of filaments that form. Third, although more than half of the filaments in our model intersected the epicardial surface, most of them appeared for less than 10% of a rotation period and could possibly be missed in experimental recordings.
Our results are comparable with a previous computational study that used the Auckland canine geometry [24] . Although a different excitation model was used, the wavelength of re-entry in this study (average CL during VF wavespeed) was 40 mm, which is similar to the values of 64 mm longitudinal to fibers and 28 mm transverse to fibers obtained for our model, and the average number of filaments during steady-state was 38 compared with the average in our study of 36. There is also a agreement in the average length of filaments which was 30 mm in the present study and about 40 mm in the earlier study.
Although the length of time that filaments touch the epicardial surface can easily be measured from our model, the lifetime of filaments within the 3-D ventricular tissue themselves is harder to quantify. Fig. 7 shows that the many filaments are descended from the primary filament formed at initiation. Thus, although the brief manifestation of a filament on the surface could be described as a short-lived nonre-entrant wavebreak because it is both visible and active for less than one rotation, this feature could be associated with a filament that could trace its ancestry back through several cycles of re-entry.
D. Potential Implications
This study was not designed to investigate the effect of either VF mechanism or type of breakup on filament dynamics. However, this study does suggest that the location at which VF is initiated effects the rate of breakup, but not the eventual number or the dynamics of filaments. In our model the breakup of functional re-entry to multiple wavelet VF is rapid, and suggests that the number of filaments could increase from 1 to around 40 in less than 1 s during the early stages of VF. Breakup by other mechanisms [9] may result in different rates of filament multiplication. Nevertheless, experimental studies also suggest that the breakup of a single re-entrant wave into fibrillation can occur within a few cycles [35] , [36] , and this has implications for any therapy that attempts to provide an early intervention.
One of the main findings of this study is the suggestion that during breakup the balance of filament creation and filament destruction is could be extremely finely poised. Other large scale simulations of fibrillation in 3-D using other models suggest that this type of dynamic is not dependent on the model that we have used [11] , [24] , [33] , and that it is likely to be a generic feature of complex 3-D re-entry. Several questions remain to be answered, including identifying which parameters are important in determining the balance of creation and destruction, and determining the influence of regional differences in both cell and tissue properties. Strategies that can alter this balance may be effective for antiarrhythmic and antifibrillatory therapy, and this balance may also be important in determining the success and failure of defibrillation shocks.
E. Study Limitations
Our model of action potential propagation is simplified at several levels. Although biophysically detailed models of cardiac cells and tissue have been developed [20] , [21] they are computationally expensive to solve, and we chose to use an anisotropic monodomain model with excitation described by the FK equations in order to reduce the computational resources required to compute the evolution of re-entry over several seconds.
It is possible that filament behavior could be influenced by the use of different cell models, the more realistic boundary conditions that can be implemented with a bidomain tissue model, and allowing for the orthotropy of the fibrous sheet structure now believed to underlie ventricular tissue [30] . We also ignored the regional differences in action potential shape and duration that exist within normal ventricles, although in another study we have shown that these differences can pull apart re-entrant waves [37] . In addition we have simulated VF in normal tissue, yet re-entry and VF in the human heart are usually associated with pathology, especially regional ischaemia and infarction. Simulations of re-entry and VF that take into account these issues remain as important research challenges for the future.
Despite these simplifications, the APD and CV for action potential propagation in our model were within the range of values reported in experimental studies, the activation sequence of our simulated ventricles also matched with experimental observations [31] , and the CL of re-entry during simulated VF was within the range of values reported experimentally [8] .
